Tissue perivascular resident macrophages (PVM/Ms), a hybrid cell type with characteristics of both macrophages and melanocytes, are critical for establishing and maintaining the endocochlear potential (EP) required for hearing. The PVM/Ms modulate expression of tight-and adherens-junction proteins in the endothelial barrier of the stria vascularis (intrastrial fluid-blood barrier) through secretion of a signaling molecule, pigment epithelium growth factor (PEDF). Here, we identify a significant link between abnormalities in PVM/Ms and endothelial barrier breakdown from acoustic trauma to the mouse ear. We find that acoustic trauma causes activation of PVM/Ms and physical detachment from capillary walls. Concurrent with the detachment, we find loosened tight junctions between endothelial cells and decreased production of tight-and adherens-junction protein, resulting in leakage of serum proteins from the damaged barrier. A key factor in the intrastrial fluid-blood barrier hyperpermeability exhibited in the mice is downregulation of PVM/M modulated PEDF production. We demonstrate that delivery of PEDF to the damaged ear ameliorates hearing loss by restoring intrastrial fluidblood barrier integrity. PEDF up-regulates expression of tight junction-associated proteins (ZO-1 and VE-cadherin) and PVM/M stabilizing neural cell adhesion molecule (NCAM-120). These studies point to the critical role PVM/Ms play in regulating intrastrial fluid-blood barrier integrity in healthy and noise-damaged
The cochlear endothelial-blood/tissue barrier tightly regulates the cochlear microenvironment for auditory function (1, 2) . In particular, the intrastrial fluid-blood barrier in the stria vascularis is critical for generating the ionic gradients and endolymphatic potential (EP) essential for sensory hair cell transduction. Disruption of the intrastrial fluid-blood barrier is closely associated with a number of hearing disorders including autoimmune inner ear disease, noise-induced hearing loss, and several genetically linked hearing diseases (3) (4) (5) (6) (7) (8) (9) (10) (11) .
Acoustic trauma not only directly damages sensory hair cells, but it also disrupts the intrastrial fluid-blood barrier. Disruption of the intrastrial fluid-blood barrier is an early feature of lesion formation that correlates with noise induced hearing loss, leading to edema and entry of serum proteins and inflammatory cells (12) (13) (14) (15) . Disruption of the endothelial barrier also produces an intrastrial electric shunt that may be sufficient to account for the absence of an endocochlear potential EP (6) . The attenuated EP causes deafness by severely reducing the electromotive gradient for K ϩ entry through mechanosensitive channels in outer and inner ear hair cells. Thus, breakdown of cell-cell junctions such as the endothelial cell-endothelial cell junction, and subsequent vascular leakage, are suggested to play a causative role in noise-induced edema in the stria vascularis (10, 11, 15, 16) . Therapeutic approaches that address and target the separable mechanisms damaged by noise are important for noise-induced hearing protection and recovery.
The vessel wall constitutes the intrastrial fluid-blood barrier of specialized endothelial cells, which are surrounded by accessory cells, including a large number of pericytes and perivascular resident macrophage-like me-lanocytes (PVM/Ms). Previously, we found that the PVM/Ms are tissue perivascular resident macrophages, a hybrid cell type with characteristics of both macrophage and melanocyte. The PVM/Ms are in close contact with vessels. Like astrocytes and glial cells, which have essential roles in regulation of barrier integrity and tissue-oriented functions (17, 18) , PVM/Ms in the intrastrial fluid-blood barrier maintain barrier integrity by controlling tightjunction (TJ) and adhesive junction protein expression, with loss of PVM/Ms associated with blood barrier breakdown and tissue edema (19) . We have also identified that PVM/Ms produce pigment epithelium growth factor (PEDF), a 50-kDa glycoprotein first identified in retinal pigment epithelium cells (20) . PEDF plays a role in the stria vascularis as an essential signaling molecule essential for stabilizing the intrastrial fluid-blood barrier, maintaining the EP, and establishing a normal hearing threshold (19) .
PEDF is a multifunctional protein exhibiting a wide range of antiangiogenic, antitumorigenic, antioxidant, antiinflammatory, antithrombotic, neurotrophic, and neuroprotective properties (21) (22) (23) (24) . Most recently, PEDF was shown to be the most potent endogenous inhibitor of vasopermeability (21, (25) (26) (27) .
In this report, we link PVM/M aberrations with intrastrial fluid-blood barrier breakdown. Administration of pigment epithelium-derived growth factor PEDF ameliorates breaches in the intrastrial fluid-blood barrier and restores normal PVM/M morphology. Normal PVM/Ms, as specialized melanocytes, are known essential for strial development and production of the EP (28 -30) . These results represent a paradigm shift in our understanding for how noise affects PVM/M biology and leads to breakdown of the fluid-blood barrier in the stria vascularis. The results also suggest that specific targeting of PVM/Ms may open new avenues for protecting against noise-induced hearing loss.
MATERIALS AND METHODS

Animals
Male C57BL/6J mice (age ϳ6 -8 wk) were purchased from Jackson Laboratory (Bar Harbor, ME, USA). All procedures in this study were reviewed and approved by the Institutional Animal Care and Use Committee at Oregon Health and Science University.
Noise exposure (NE)
Animals were placed in wire mesh cages and exposed to broadband noise at 120 dB SPL in a sound exposure booth for 3 h and for an additional 3 h the following day. The NE regime, routinely used in our laboratory, produces permanent loss of cochlear sensitivity (11) .
Auditory testing
An auditory brain-stem response (ABR) audiometry test to pure tones was used to evaluate hearing function. Animals were anesthetized and placed on a heating pad in a soundisolated chamber. Needle electrodes were placed subcutaneously near the test ear, at the vertex, and on the contralateral ear. Each ear was stimulated separately with a closed tube sound delivery system sealed into the ear canal. The auditory brain-stem response to a 1-ms rise-time tone burst at 4, 8, 12, 16, 24 , and 32 kHz was recorded, and thresholds were obtained for each ear. Threshold is defined as an evoked response of 0.2 V. Auditory brain-stem response was assessed both before and after NE.
Measurement of EP
EP recordings were measured immediately at the end of the NE regime from the left ear of control (nϭ6), NE (nϭ6), and PEDF ϩ NE (nϭ6) mice. The EP measurement method was previously reported (19) . In that method, a silver-silver chloride reference electrode is placed under the skin of the dorsum. An incision is made in the inferior portion of the left postauricular sulcus, and the bulla is perforated, exposing the basal turn of the cochlea. Access to the scala media of the basal turn is obtained by thinning the bone over the spiral ligament and making a small opening with a pick. A micropipette electrode filled with 150 mM KCl is advanced through the bony aperture into the spiral ligament. Entry of the electrode tip into the endolymph is characterized by transients in recorded potentials. The electrode is advanced until a stable potential is observed. The signal is amplified through an amplifier (model 3000 AC/DC differential amplifier; A-M Systems, Inc., Carlsbourg, WA, USA). The DC potentials are recorded via an A-D converter (Fluke II multimeter; John Fluke Manufacturing Co., Inc., Everett, WA, USA).
Estimation of PVM/M coverage
Images of the entire length (ϳ6.25 mm) of the stria vascularis were analyzed. Twenty-seven images, acquired with an ϫ40 objective, were recorded from the left ear at the apical, middle, and basal regions of control, NE, and PEDF ϩ NE groups. The apical region extended ϳ0.8 mm from 0.5 mm of the apex, basal region from 0.5 mm of the base, and middle region from 2 mm of the apex. PVM/Ms were labeled with an antibody for F4/80, and endothelial cells were labeled with isolectin GS-IB4 conjugated to Alexa Fluor 568. Colocation of blood vessels and PVM/Ms was analyzed using ImageJ (V1.38X; U.S. National Institutes of Health, Bethesda, MD, USA). The outer margin of the blood vessel under consideration was outlined with an ImageJ region tool on threshold images of endothelium (red) and PVM/Ms (green). Percentage colocalization was quantified as a ratio of the F4/80-labeled area to the isolectin-labeled area using a method previously reported (11) .
Primary cell culture
Cochleae from 10-or 15-d-old C57BL/6J mice were harvested under sterile conditions. The stria vascularis was pulled gently away from the spiral ligament, placed in ice-cold Hank's calcium-and magnesium-free balanced salt solution, and minced into small pieces (ϳ0.15-0.20 mm 3 ) with ophthalmic tweezers. To produce PVM/Ms, the minced stria vascularis was cultured on collagen-coated dishes in medium 254 (Invitrogen, Eugene, OR, USA), containing 1% human melanocyte growth factor, 10% FBS, and 0.5% gentamicin/amphotericin. The minced stria vascularis was incubated at 37°in 5% CO 2 with the medium changed every 3 d. Cell clones formed and melted at ϳ10 d. The cells were detached from the cell colony with a solution of trypsin-EDTA and then purified (for detailed information see refs. 19, 31).
Immunohistochemistry and fluorescence microscopy
The tissues were fixed in 4% formaldehyde overnight, washed in 0.02 M PBS for 30 min, permeabilized in 1% Triton x-100 for 30 min, and immunoblocked with a solution of 10% goat serum and 1% bovine albumin in 0.02 M PBS for 1 h. The specimens were incubated overnight at 4°C with primary antibodies (Table 1 ) diluted in 1% BSA-PBS. The specimens were washed in 0.02 M PBS for 30 min and incubated with secondary antibody (Table 1 ) diluted 1:100 in 1% BSA-PBS for 1 h at room temperature. After a 30-min wash in 0.02 M PBS, tissues were visualized under an Olympus IX 81 inverted microscope fitted with an Olympus FV1000 laser-scanning confocal system (Olympus, Tokyo, Japan). 3D rendering of the confocal data was performed using Amira software (Visage Imaging, Inc., San Diego, CA, USA; http://www.amira-.com/). Individual channels were split into separate image stacks and filtered by 3D noise reduction to increase the signal to noise. Volume data were displayed as isosurfaces, with blood vessels displayed in red, PVM/Ms in green.
ELISA and WB analysis
PEDF concentration in the stria vascularis of different groups was measured by ELISA, used with commercially available reagents (E91972Mu; Uscn Life Science Inc., Houston, TX, USA) per the manufacturer's instructions. Western blot was used to assess PEDF and neural cell adhesion molecule (NCAM) protein expression in normal cochlea and brain. Strial and brain tissue was isolated and homogenized in lysis buffer with a protease inhibitor cocktail for 30 s. Total protein (50 g) from each sample was added to a 10% sodium dodecyl sulfate-polyacrylamide gel to detect PEDF, NCAM, and actin. Proteins were electrophoretically transferred to PVDF membranes and blocked with nonfat milk for 1 h at room temperature. Specific immunodetection was carried out by incubation with primary antibodies, either anti-PEDF antibody diluted 1:1000, or anti-NCAM antibody diluted 1:200 in skim milk overnight at 4°C. After 3 washes with TBST, the membranes were incubated for 1 h with secondary antibody, and antigens were assessed using ECL Plus Western blotting Detection Reagents (Amersham, Arlington Heights, IL, USA).
Reverse transcription-polymerase chain reaction (RT-PCR) and real-time quantitative RT-PCR (qRT-PCR)
Total RNA from the stria vascularis of different groups was separately extracted with RNeasy (Qiagen, Valencia, CA, USA) per the manufacturer's recommendations. Each group of 5 mice was analyzed for Pedf, Ncam, Zo1, Ve-cadherin, and Gapgh mRNA with regular PCR and qRT-PCR. Total RNA Goat Reacts with rabbit sample (1 g) was reverse transcribed with a RETROscript kit (Invitrogen). Primers for Serpinf1 (Pedf), forward, 5=-GGCA-GTGGGTAACCAAGTTTG-3=, reverse, 5=-GCAGCTGGG-CAATCTTGCAG-3=, defined an amplicon of 156-bp; Ncam1 forward, 5=-TGTTCAAGCAGACACACCGT-3=, reverse, 5=-CA-GATGGCTGCATGATCACG-3=, defined an amplicon of 293-bp; Gaphd forward, 5=-ATGTGTCCGTCGTGGATCTGAC-3=, reverse, 5=-AGACAACCTGGTCCTCAGTGTAG-3=, defined an amplicon of 132-bp. The RT-PCR was cycled at 95°C for 2 min, up to 40 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 30 s, and a final 4-min extension at 72°C. RT-PCR products were visualized by agarose gel electrophoresis. For qRT-PCR, cDNA synthesized from total RNA was diluted 10-fold with DNase-free water, each cDNA sample independently measured 3 times. Transcripts were quantitated by TaqMan gene expression assay (Invitrogen): Serpinf1 (Mm00441270_m1), Ncam1 (Mm00456812_m1), Zo1 (Mm00493699_m1), and Ve-cadherin (Mm03053719_s1) on a model 7300 real-time PCR system (Applied Biosystems, Foster City, CA, USA). The real-time PCR was cycled at 95°C for 20 s, 40 cycles of 95°C for 1 s, 60°C for 20 s. Mouse Gapdh was the endogenous control. Quantitative PCR and analysis were performed per the guidelines provided by Applied Biosystems using the comparative cycle threshold method.
siRNA transfection
Purified PVM/Ms at passage 3 and at a density of 2.5 ϫ 10 4 /cm 2 were seeded and grown on 35-mm collagen I-coated glass-bottom dishes overnight. For the control and siRNA model, PVM/Ms were transfected the next day with scrambled siRNA, Ncam, and Pedf siRNA used according to the manufacturer's guidelines. In brief, 10 l TransIT-TKO reagent was mixed with 250 l serum-free medium in a sterile tube, and 25 nM siRNA was added to the mixture. After incubation for 15 min, the TransIT-TKO Reagent/siRNA mixture was added to a dish with 1.25 ml of fresh complete growth medium. For the PEDF treatment model, 1 g/ml PEDF was added to 1.5 ml fresh complete growth medium. Immunocytochemistry was performed at 48 h.
Assessment of vascular permeability
Vascular permeability in control, NE, and PEDF ϩ NE cohorts was assessed using a FITC conjugated bovine albumin tracer (FITC-albumin, 66 kDa, A-9771; Sigma, Cream Ridge, NJ, USA) immediately at the cessation of the NE regime. The tracer was intravenously administered to the tail vein of anesthetized animals 30 min prior to harvesting. Anesthetized animals were perfused intravascularly through the left ventricle with HBSS. The mice were decapitated, and whole mounts of the stria vascularis were imaged on a fluorescent microscope (DM2500; Leica, Wetzlar, Germany).
Vascular leakage in the 3 groups receiving FITC-albumin was analyzed quantitatively. The mice were anesthetized and perfused intravascularly for 5 min with HBSS. The stria vascularis was removed and homogenized in 1% Triton X-100 in PBS, and the lysate was centrifuged at 16,000 rpm for 20 min. Relative fluorescence of the supernatant was measured on a Tecan GENios Plus microplate reader (Tecan Group Ltd, San Jose, CA, USA), with samples for each group run in quintuplicate.
Vascular permeability in vivo was assessed by recording tracer movement through a specially prepared vessel window. Animals were anesthetized and wrapped in a heating pad, with rectal temperature maintained at ϳ38.5°C (32) 
was administered i.v. for 2 h. Anesthetized animals were perfused intravascularly through the left ventricle for 2 min with HBSS, followed by 5 min of 4% PFA in PBS. The stria vascularis from each group was removed and postfixed overnight with 4% PFA in PBS (pH 7.2) at 4°C. Whole-mounted stria vascularis was immunolabeled with anti-collagen IV antibody (Table 1) . Tissue samples were imaged with an FV1000 Olympus laser-scanning confocal microscope.
Isolation of strial capillaries and analysis of fluorescence intensity
A previously reported "sandwich-dissociation" method of capillary isolation was used (15) . Isolated capillaries were immunolabeled with antibodies for ZO-1 and VE-cadherin. Change in immunfluorescence was calculated as (
ϫ 100%, where F T is the average fluorescence intensity in treated groups, F C is the average fluorescence intensity in control groups, and F B is the background fluorescence.
In-cell Western blotting and transfection with siRNA PVM/Ms (200 l) suspended at 11,500 cells/well in a 96-well microplate were incubated for 2 d or until the cells consistently adhered to the bottom of the plate. For the control and siRNA groups, PVM/Ms were transfected with scrambled and siRNA Pedf for 72 h (Applied Biosystems) per the manufacturer's guidelines. In brief, 1.5 l TransIT-TKO reagent was mixed with 27 l serum-free medium containing 25 nM siRNA. The TransIT-TKO Reagent/siRNA mixture was added to the 96-well plate for 72 h. For the PEDF-treated group, PEDF diluted 0.01 g/ml to 1 g/ml was dispensed separately to microplate wells 72 h prior to analysis. The cells were fixed in 4% formaldehyde for 20 min and washed 5 times with PBS containing 0.1% Triton X-100 for permeabilization, blocked with LI-COR Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE, USA) for 90 min, and incubated with primary antibody for NCAM, sc-10735, or ␤-actin for 2 h (information on the antibodies can be found in Table 1 
PEDF treatment
Mouse PEDF (50235-M08H; Sino Biological Inc., Beijing, China) was administered as acute, single-dose (i.v) injections (administered as a 50 l volume, 10 g/100 g body weight, dissolved in a saline vehicle) 30 min prior to NE. A similar dose was given the next d 30 min prior to NE. Control animals received the same volume of vehicle. Animals in the PEDFtreated group were euthanized immediately after the cessation of NE. PEDF concentration in the stria vascularis was assessed by ELISA.
Statistics
All experiments were performed multiple times to validate the observations, with the data expressed as means Ϯ sd. Statistical analysis was conducted using the Student's t test for comparison of 2 groups or ANOVA for comparisons of Ն3 groups. A 95% confidence level was considered statistically significant.
RESULTS
Noise affects PVM/M morphology and down-regulates PVM/M-derived PEDF in the stria vascularis
In control tissue, most PVM/Ms exhibit branched (dendrite) morphology. The cells arrange in a selfavoidance pattern (Fig. 1A) , which allows for maximum coverage of the capillary wall (Fig. 1B) . The morphology of PVM/Ms in animals exposed to wideband noise at 120 dB SPL for 3 h/d for 2 consecutive days is markedly changed. Some of the PVM/Ms become smaller with shorter processes (Fig. 1C) . Approximately 15-20% of the PVM/Ms become flat and amoeboid shaped (Fig. 1C) in less physical contact with the capillary (Fig. 1D) . Some PVM/Ms are activated and display a terminal galactopyranosyl group on their membrane surface binding the lectin Griffonia simplicifolia-IB4 (GS-IB4; Fig. 1E-G) . The data show that PVM/Ms are highly responsive to noise stimulation.
PEDF, a 50-kDa glycoprotein secreted by PVM/Ms stabilizing intrastrial fluid-blood barrier integrity (19) , is significantly down-regulated by noise at both the transcript mRNA and protein level. Significant down-regulation of Pedf mRNA is shown by quantitative real-time PCR analysis (Fig. 1H) . Corresponding to down-regulation of the transcripts, production of PEDF protein in the stria vascularis, measured by ELISA (Fig. 1I) or Western blot (Fig. 1J) , is also significantly reduced. In contrast, NE causes no change in expression of PEDF in brain. The data indicate that PVM/M-derived PEDF is significantly down-regulated in the stria vascularis of animals exposed to acoustic trauma. 
E-G)
Triple-labeled whole-mounted stria vascularis shows PVM/Ms labeled with antibody for F4/80 also positive for GS-IB4. H) qRT-PCR analysis shows decreased mRNA expression for Pedf in noise-exposed mice relative to controls (nϭ3). *P Ͻ 0.05. I) ELISA analysis shows significantly decreased production of PEDF in noise-exposed groups relative to controls (nϭ6). **P Ͻ 0.01; 1-way ANOVA. J) Western blot analysis shows NE to dramatically decrease PEDF protein in the stria vascularis, but not in brain tissue.
Down-regulation of PVM/M-derived PEDF causes intrastrial fluid barrier breakdown
The intrastrial fluid barrier, restricting movement of molecules from blood into the ear, is essential for maintaining cochlear homeostasis under normal conditions. The barrier becomes highly permeable to large substances such as albumin-FITC and IgG Alexa Fluro-568 with exposure to wide-band noise at 120 dB SPL for 3 h/d for 2 consecutive days. Albumin-FITC administered 30 min prior to harvesting accumulates in isolated noise-exposed lateral walls from leakage ( Fig. 2A,  middle panel) . Significant leakage of albumin-FITC across the barrier in noise-exposed animals was also observed in "vessel-windows" in vivo under intravital fluorescence microscopy (Fig. 2B, middle panel) . Immunohistochemical staining in combination with confocal microscopy demonstrated extravasation of highmolecular-weight IgG Alexa Fluro-568 tracers in the tissues of noise-exposed animals (Fig. 2C, middle  panel) . Treatment of noise-exposed animals with PEDF at a dose of 10 g/100 g bw dramatically reduces local lesioning and significantly decreases vascular permeability to low and high-molecular-weight tracers ( Fig.  2A-D, right panel) . Using an ELISA technique, we measured on the order of 5 ng/ml of PEDF protein, approximately the normal level, in the stria vascularis of noise-exposed animals assessed at the close of the noise regime after administration of PEDF at 10 g/100 g bw (Fig. 2E) . Figure 2F is a representative ELISA standard calibration curve for PEDF. The data show application of PEDF to significantly protect against noise-induced deterioration in barrier integrity.
Intrastrial fluid barrier breakdown is associated with down-regulation of endothelial-endothelial TJ proteins and NCAM-120
Intrastrial fluid-blood barrier integrity is reflected in the state of endothelial TJs (33) . PEDF plays a central role in functionally regulating endothelial cell-cell junction proteins, including ZO-1 and VE-cadherin (19) . Consistent with this regulation, we find that PEDF treatment attenuates noise-induced down-regulation of ZO-1 and VE-cadherin at both the transcript (Fig. 3A) and protein level (Fig. 3B) . Immunohistochemical examination by confocal microscopy clearly shows attenuation of the noise-induced reduction in ZO-1 and VE-cadherin expression between endothelial cells in PEDF treated noise-exposed animals (Fig. 3C, D) .
Intrastrial fluid-blood barrier integrity not only correlates with the state of endothelial cell TJs but also with the interaction between endothelial cells and PVM/Ms (33) . NCAM, a membrane-bound glycoprotein cell adhesion molecule with an essential role in cell-cell and cell-extracellular matrix binding, was recently detected in our PVM/M primary cell line by next-generation sequencing (https://dnanexus.com). We report that, of The accumulation is attenuated in PEDF treated noise-exposed animals (rignt panel). B) Albumin-FITC tracer is shown to extravasate from capillaries in noise-exposed living animals (open "vessel-window" method, middle panel) but not in control animals (left panel). Less extravasation is seen in PEDF-treated noise-exposed animals (right panel). C) High-molecular-weight IgG-Alexa Fluor 568 tracer, visualized by collagen IV immunostaining (green), extravasates from capillaries in noise-exposed mice (middle panel) but not in control (left panel) and PEDF-treated animals (right panel). Fluorescence IgG-Alexa fluor 568 tracer (red) leaks from lesioned capillaries (oval circle region). D) Treatment with PEDF significantly reduces capillary leakage (nϭ9). Data are expressed as means Ϯ sd. *P Ͻ 0.05, ***P Ͻ 0.01; 1-way ANOVA. E) Localized PEDF concentration in the stria vascularis was assessed for a range of intravenously administered PEDF doses. F) Representative ELISA standard calibration curve for PEDF. the 3 identified isoforms of NCAM (NCAM-120, NCAM-140, and NCAM-180) (34), NCAM-120 expressed in PVMs and in the surrounding extracellular matrix. Figure 3E shows expression of the Ncam gene in the PVM/M cell line detected with reverse transcriptase PCR, and Fig. 3F shows NCAM protein expression detected by immunohistochemical staining. Ncam mRNA in the strial tissue was assessed by quantitative real-time PCR (qRT-PCR), with brain tissue serving as the control (Fig. 3G) , while NCAM protein expression was assessed by Western blot (Fig. 3H) , with its distribution immunohistochemically verified by confocal fluorescent microscopy (Fig. 3I) . Our results show NCAM primarily expressed in PVM/Ms and in the extracellular matrix around PVM/Ms. NCAM expression in the stria vascularis is significantly decreased at the transcript mRNA (Fig. 3J) and protein level when animals are exposed to noise (Fig. 3K) . Administration of PEDF attenuates the down-regulation of NCAM (Fig. 3L) . Parallel expression of PEDF and NCAM at the transcript mRNA and protein level was further confirmed in an in vitro model using primary cell lines (Fig.  3M-O) . The data suggest that PEDF not only upregulates endothelial cell-endothelial TJ protein expression but also promotes PVM/M-endothelial contacts.
PEDF restores the intrastrial barrier
Noise-exposed groups display significantly reduced PVM/M coverage on blood vessels in all apical, middle, and basal regions in noise-exposed groups (Fig. 4A) . Confocal z stacks show PVM/Ms from the control group to have ramified processes interfacing with blood vessels (Fig. 4B, left panel) in comparison to the noise-exposed group which shows less branching (Fig.  4B, middle panel) . PVM/M coverage is improved with PEDF treatment of the noise-exposed group (Fig. 4B,  right panel) .
How does PEDF affect PVM/M coverage on ECs? Does PEDF regulate PVM/M dendrite morphology? To explore these effects on PVM/M morphology, we used an siRNA-targeting vector to suppress Pedf expression in an in vitro model and observed for changes in PVM/M morphology. PVM/Ms were transfected with siRNA for 48 h and double-labeled with phalloidin for F-actin and an antibody for NCAM. A number of obvious morphological changes were observed in PVM/Ms with downregulation of PEDF. Down-regulation of PEDF caused PVM/Ms to withdraw dendrite branching relative to controls. Conversely, elevation of PEDF promoted ramified branching (Fig. 4C) . The data suggest PEDF is required to maintain dendrite arbors in PVM/Ms.
PEDF improves EP and hearing function
EP and hearing function are significantly improved with PEDF treatment. In mice, the EP is usually about ϩ100 mV (35, 36) . In this study, normal EP in our control group is ϳ80 -100 mV (Fig. 5A) . EP in animals exposed to wide-band noise at 120 dB SPL for 3 h/d for 2 consecutive days is reduced ϳ50 mV (Fig. 5B) . However, PEDF treatment attenuates the noise caused drop in EP (Fig. 5C ). Figure 5D shows the average EP in control-, NE-, and PEDFϩNE-treated groups. Consistent with our previous report (11), wide-band noise causes profound hearing loss at most frequencies as assessed by auditory brain-stem response (Fig. 5E ). PEDF treatment, however, reduces hearing loss and significantly improves hearing function at 1, 2, and 4 wk after NE (Fig. 5F ).
DISCUSSION
In this study, we identify a mechanism by which reactive PVM/Ms mediate disruption of the blood barrier in the ear. The mechanism may provide the means for inhibiting the breakdown of the blood barrier, opening a novel therapeutic approach for remediating noise-induced hearing loss. Our findings show that activation of PVM/Ms and concurrent down-regulation of tissue . PEDF has a restorative effect on blood tissue barrier architecture after noise damage. A) Noise-exposed groups display significantly reduced PVM/M density on blood vessels in apical, middle, and basal regions in noise exposed groups. PEDF treatment promotes PVM/M coverage in apical (nϭ9; P Ͻ 0.001 for NE vs. control, P ϭ 0.03 for NEϩPEDF vs. NE; 1-way ANOVA test), middle (nϭ9; P Ͻ 0.01 for NE vs. control, P Ͻ 0.001 for NEϩPEDF vs. NE; 1-way ANOVA test), and basal (nϭ9; P Ͻ 0.001 for NE vs. control, P ϭ 0.008 for NEϩPEDF vs. NE; 1-way ANOVA test) regions. Data are expressed as means Ϯ sd. B) Three-dimensional rendering of confocal z stacks highlights the degree of ramification of PVM/M processes in noise-exposed, and PEDF-treated noise-exposed groups. PVM/Ms are labeled with antibody for F4/80 and GS-IB4. C) Control in vitro PVM/Ms are double labeled with phalloidin for F-actin and an antibody for NCAM-120 to show the branched morphology. PVM/Ms in vitro show withdrawal of ramified branches when Pedf and Ncam expressions are down-regulated with siRNA. PEDF treatment promotes ramified branching in PVM/M. resident macrophage-derived PEDF expression are key factors in the hyperpermeability of the intrastrial fluidblood barrier caused by acoustic trauma. Application of PEDF to the noise-damaged ear remediates vascular hyperpermeability in animal models, reduces noiseinduced EP drop, and significantly improves hearing outcomes. These studies point to the critical role PVM/Ms and secreted PEDF play in regulating intrastrial fluid-blood barrier integrity in healthy and noisedamaged ears.
The intrastrial fluid-blood barrier in the inner ear is critical for maintaining ionic and metabolic homeostasis essential for hearing function (2, 37) . Dysfunction of the barrier is associated with a number of hearing disorders (3-8, 10, 11) . In a previous article, we demonstrated that PVM/Ms, requisite for establishing the EP, control the integrity of the intrastrial fluid-blood barrier by affecting the expression of TJ and adherensjunction proteins. PEDF secreted by PVM/Ms was identified as an essential signaling molecule. In the present study, we further show that acoustic trauma causes PVM/Ms to lose the capacity to produce PEDF. The reduction in PEDF causes substantial down-regulation of tight-and adherens-junction proteins. PEDF delivery to the acoustic damaged ear reduces noise-induced barrier leakage and attenuates the down-regulation of junction proteins such as ZO-1 and VE-cadherin. Although the mechanism by which PEDF regulates TJs in the intrastrial fluid-blood barrier is not known, studies in other tissues have shown PEDF to regulate TJs by targeting the PI3K/Akt signaling pathway (19) , phosphorylating adherens-junction proteins through a ␥-secretase-mediated pathway (33) .
In addition to the PEDF effect on TJs, PEDF is also shown to promote PVM/M dendrite growth and arborization, restoring PVM/Ms to a normal morphology. PEDF has also been demonstrated to regulate dendrite arborization and growth in a neuronal system. An NCAM-based mechanism is plausibly involved, as in vitro-cultured PVM/Ms transfected with Ncam siRNA for 48 h results in obvious morphological changes including withdrawal of dendrite branching. Our findings are in accord with NCAM regulation of dendrite arborization and growth in a neuronal system (38, 39) . NCAM, Figure 5 . PEDF restores endocochlear potential and hearing function. A-C) Representative EP values in control (A), noise-exposed (B), and PEDF-treated noise-exposed animals. D) Mean value of EP in the 3 groups. PEDF significantly attenuates the drop in EP (nϭ6). *P Ͻ 0.05, ***P Ͻ 0.001; 1-way ANOVA test. E) Hearing function is assessed by ABR at 1, 2, and 4 after NE. F) Mean ABR threshold in PEDF-treated mice is significantly lower than in untreated noise-exposed mice (nϭ6). *P Ͻ 0.05; Student's t test. a membrane-bound glycoprotein playing an essential role in cell-cell and cell-extracellular matrix binding (40) , is shown to be expressed in PVM/Ms. In in vitro models using primary PVM/M cell lines we find parallel expression of PEDF and NCAM at the transcript mRNA and protein level. Likewise, in an in vivo animal model we find noise causes NCAM expression to significantly decrease at the mRNA and protein level. Elevation of PEDF in the cochlea attenuates the down-regulation of NCAM. PEDF promotes NCAM expression and intercellular contacts between PVM/Ms and endothelial cells, and thereby reinforces intrastrial fluid-blood barrier integrity.
Normal functioning of PVM/Ms is critical for establishing the EP (28, 41, 42) and normal strial function (28, 29, 43, 44) . Hearing loss results when the EP, normally sustained by the fluid-blood barrier, is not adequately maintained, resulting in an intrastrial electric shunt (6, 19) . PVM/Ms, and its secreted PEDF, have a salutary effect on EP by restoring the integrity of the intrastrial fluid-blood barrier, providing immediate or delayed improvement to hearing function after noise damage (A synopsis of PEDF's restorative effects on the intrastrial fluid-blood barrier is illustrated in Fig. 6 ). Improved hearing function from PEDF treatment could be related to the salutary effect it has on functional recovery of PVM/Ms.
Normal PVM/Ms, as melanocytes, are biosensors responsive to biological and physicochemical signals in the local environment, producing melanin pigment in response to noxious factors (45, 46) . The melanin has an essential role in buffering calcium, scavenging heavy metals, and promoting antioxidant activity (44, 45, (47) (48) (49) (50) (51) , although the contributions of this melanogenic activity to sustaining the integrity of the intrastrial fluid-blood barrier are yet to be investigated.
In summary, our report provides new insights into the role played by PVM/Ms and down-regulated secretion of the signaling molecule PEDF in the pathological deterioration of ear health after noise damage. The effectiveness of PEDF in ameliorating noise-induced effects on vascular permeability and PVM/M morphology suggests new strategies for treating hearing disorders in which barrier integrity is compromised. Figure 6 . PEDF remodeling of the intrastrial fluid-blood barrier. Under normal conditions, tight-adherens junctions between capillary endothelial cells link adjacent cells and limit paracellular transport. PEDF secreted by PVM/Ms regulates vascular permeability by affecting expression of tight-and adherens-junction proteins. The branched (dendrite) morphology of PVM/Ms maximizes coverage of the capillary wall. Acoustic trauma causes down-regulation of PEDF, detachment of PVM/M end-feet from endothelial cells, and decreased expression of TJ and adherensjunction proteins, disrupting the intrastrial fluidblood barrier. Leakage of serum proteins from loosened TJs results in cochlear edema. Delivery of PEDF to the damaged ear ameliorates hearing loss by restoring intrastrial fluid-blood barrier integrity. PEDF up-regulates the expression of TJ and adherens-junction proteins, including ZO-1 and VE-cadherin, and adhesive proteins such as NCAM, and restores intrastrial fluid-blood barrier integrity.
